Liver sections from 32 psittacine birds with multifocal to coalescing hepatocellular necrosis were examined to determine the cause of disease. Avian polyomavirus (APV) infection (19 of 32 birds), bacterial hepatitis (5 of 32 birds), and chlamydiosis (3 of 32 birds) were major causes of hepatic disease. The presence of APV inclusions or nucleic acid was demonstrated using hematoxylin and eosin (HE) staining, DNA in situ hybridization, and DNA amplification with Southern blotting. Amphophilic intranuclear inclusions, suggestive of APV infection, were observed in HE-stained liver sections from 5 of 32 birds. Hepatocellular karyomegaly was present in liver tissues from 10 birds (5 birds with typical APV inclusions and 5 birds without discernable inclusions). DNA in situ hybridization recognized intranuclear APV nucleic acid in liver sections of 18 of 32 birds. DNA amplification with Southern or dot blots also identified APV nucleic acid in processed, paraffinembedded livers of 18 of 32 birds. This study demonstrates that acute APV infection is a frequent cause of multifocal to coalescing hepatocellular necrosis in psittacine birds. Furthermore, APV infection is best diagnosed using DNA probes, especially when typical intranuclear inclusions are not observed microscopically.
Avian polyomavirus (APV) (formerly budgerigar fledgling disease virus or papovavirus) infection is caused by a 40-50-nm-diameter icosahedral, nonenveloped virus containing a 4,980-base pair circular, double-stranded DNA genome. This virus is a major cause of morbidity and mortality in psittacine aviaries and zoological collections, 18 especially when birds are bred in captivity and hand raised. 6, 9 Historically, APV infection has been diagnosed by virus-neutralizing antibody titer, virus isolation, observation of enlarged amphophilic intranuclear inclusions in hematoxylin and eosin(HE)-stained tissue sections, and observation of typical virions by electron microscopic examination of infected tissues. [1] [2] [3] [4] 21 Virus-neutralizing antibody titers are unreliable in predicting active viral infection. 15 Virus isolation is expensive and labor intensive. Histologic diagnosis of avian polyomavirus infection may be difficult because other viruses such as adenovirus, herpesvirus, and psittacine beak and feather disease virus can produce amphophilic to basophilic intranuclear inclusions in psittacine tissues. 12 In addition, both polyomavirus and adenovirus infections may be associated with the formation of karyomegalic inclusions. In instances of peracute death, typical intranuclear inclusions suggestive of polyomavirus may not have formed yet. Electron microscopic confirmation of APV infection is time consuming and expensive.
Molecular diagnosis of APV infection is rapid, sensitive, specific, and economical. Useful molecular techniques include the polymerase chain reaction (PCR) 14, 16 with DNA probing 14 and DNA in situ hybridization using paraffin-embedded tissue specimens and DNA probes. 12 During a recent investigation of APV infection in adult psittacine birds, multifocal to confluent hepatocellular necrosis often occurred in the absence of typical intranuclear inclusions. A similar observation has been reported in polyomavirus infection of hatchling and juvenile hand-fed parrots. 6 The present study was done to investigate the causes of multifocal to coalescing hepatocellular necrosis in psittacine birds, especially in regard to APV infection.
Materials and methods
Case selection and study population. Paraffin-embedded blocks of liver tissue from psittacine birds that died with multifocal to coalescing hepatic necrosis were retrieved for study from tissue archives of the Zoo and Exotic Animal Pathology Service, Department of Veterinary Pathology, and the Athens Diagnostic Laboratory. Although some birds died in the absence of premonitory signs, many birds exhibited clinical signs suggestive of APV infection, including abdominal distention, hemorrhage, depression, anorexia, weight loss, delayed crop emptying, regurgitation, diarrhea, ataxia, and weakness. The study population included liver tissues from 32 psittacine birds (Table 1 ). This population contained 3 budgerigars (Melopsittacus undulatus), 2 white-bellied cai- ques (Pionites leucogaster leucogaster), 3 cockatiels (Nymphicus hollandicus), 1 cockatoo of undefined species, 1 Moluccan cockatoo (Cacatua moluccensis), 1 sulphur-crested cockatoo (C. galerita galerita), 2 umbrella cockatoos (C. alba), 1 cherry-headed conure (Aratinga erythrogenys), 1 gold-capped conure (A. auricapilla), 2 sun conures (A. solstitialis), 1 macaw of undefined species, 2 blue & gold macaws (Ara ararauna), 4 African grey parrots (Psittacus erithacus erithacus), 1 blue-fronted Amazon parrot (Amazona aestiva aestiva), 1 double yellow-headed Amazon parrot (A. ochrocephala oratrix), 1 red-lored Amazon parrot (A. autumnalis autumnalis ), 3 grand eclectus parrots (Eclectus roratus roratus), and 1 Senegal parrot (Piocephalus senegalus senegalus). The study population included both juvenile and adult (sexually mature) birds. Ages ranged from 1.5 to >4.5 yr, with mean and median ages of 11.8 mo and 2.5 mo, respectively. All tissue specimens were obtained from birds with naturally acquired disease(s). Tissues originally had been preserved in 10% neutral buffered formalin solution until trimmed, processed routinely, and embedded in paraffin wax. Archived paraffin-embedded tissue blocks used in the present investigation had been stored from 6 m-o-6 yr.
Routine histopathology. Paraffin-embedded tissue blocks were faced, sectioned at 3-4 µm, stained with HE, covered with a coverslip, and examined microscopically. Tissue sections were evaluated microscopically and scored for the presence or absence of necrosis and/or amphophilic intranuclear inclusions.
DNA in situ hybridization. Hybridization procedures were performed by published methods using a MicroProbe a work station to simplify the procedure and conserve reagents. 12'13 These tissue sections were placed on ProbeOn Plus a slides and dried overnight. Sections were warmed to 70 C for 10 min, deparaffinized in D-limonene/xylene, and rinsed 3 times in 100% ethanol, once in 95% ethanol, and twice in Automation buffer. b The tissue was digested slightly to allow probe penetration by incubating the sections at 37 C for 10 min in 0.3% pepsin in Automation buffer (pH 2.0). Enzymatic activity was terminated by incubation at 110 C for 5 min, after which the specimens were rinsed once more in Automation buffer. Tissue sections were then incubated in 100% formamide at 110 C for 5 min to denature the double-stranded target (viral) DNA. DNA hybridization of the tissue sections was accomplished by adding a working solution of digoxigenin-labeled APV DNA probe. Two APV-specific DNA probes were used in this study. The first probe (FN-19) was a 30-base oligonucleotide that is used routinely to diagnose APV infection in psittacine birds. 14, 15 The second probe (probe VPl) was a 1-kilobase double-stranded DNA probe that included the coding region for a major viral structural protein (VP1). This probe has been used experimentally to diagnose APV infection in both psittacine and passerine birds. Probe VP1 was used to verify or refute negative staining reactions using probe FN-19. The DNA hybridization solutions were composed of 2.0 µl of DNA probe/200 µl of hybridization mixture, which consisted of 22.5% deionized formamide, 7.5% chondroitin sulfate, 5 x saline sodium citrate (SSC), and 50 mM phosphate buffer. Hybridization was accomplished by incubating the sections at 110 C for 5 min and then at 37 C for 30 min. The negative controls were processed similarly but lacked digoxigenin-labeled DNA probe. Hybridized sections were washed at room temperature with solutions composed of SSC, polyoxyethylene (20) sorbitan monolaurate (Tween 20 C), and polyoxyethylene 23 lauryl ether (Brij 35 d ) to minimize or eliminate nonspecific hybridization of the DNA probe. The slides were washed twice in buffer 1 (100 mM Tris-HCl, 150 mM NaCl [pH 7.5]) containing 1% sheep serum and 0.3% Triton X-100. Tissue sections were incubated in an alkaline phosphatase conjugate of anti-digoxigenin antibody ( 1:500 dilution) in buffer 1, rinsed 3 times in buffer 1, rinsed twice in Automation buffer, and rinsed twice in buffer 2 (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl 2 ·6H 2 O) containing Tween 20 and Brij 35. The chromagen indicator solution (nitroblue tetrazolium [NBT] dye) was applied, and the tissue sections were incubated for 2 hr at 37 C. Following a final rinse in buffer 3 ( 10 mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid [EDTA] [pH 8.0]) the tissue sections were counter-stained with fast green, covered with a coverslip, and examined microscopically. Foci of DNA probe localization were visualized as blue-black discolorations from the deposition of insoluble formazan dye.
DNA amplification, detection of amplified gene sequences, and Southern blot analysis. Paraffin-embedded sections of liver were prepared for DNA amplification by PCR according to established procedures. 12-14 A section of paraffin-embedded tissue 10 µm thick was removed from each tissue block and placed in autoclaved microcentrifuge tubes. Gloves, disposable microtome blades, and disposable applicator sticks were used to handle, section, and transfer all paraffin-embedded tissue to prevent cross-contamination of samples.
Negative control tissues were interspersed in the microtomy specimens to ensure quality control and detect possible crosscontamination (which did not occur). Paraffin wax was extracted with xylene, and residual xylene was removed with absolute ethanol. Extracted tissues were then digested with proteinase K, which was subsequently heat inactivated. PCR specimens consisted of 10 µl of tissue extract and 90 µl of PCR reaction mixture, which contained 10 x buffer, deoxynucleotides, forward and reverse oligonucleotide primers (FN 5 and FN 6) and Taq DNA polymerase. Control specimens were prepared in a similar manner, except that purified APV DNA (positive control) or DNA primers (negative control) were added in lieu of tissue extract. All PCR specimens were overlaid with 90 µl of mineral oil to prevent evaporation and were subjected to 40 cycles of heating and cooling in a programmable heat block. e Amplified viral gene sequences tentatively were identified by electrophoresis in ethidium bromide-stained agarose gels. A 10-µl aliquot of PCR reaction products from each specimen was applied to a 1.5% agarose gel and subjected to electrophoresis using Tris-sodium borate-EDTA buffer. Appropriate molecular weight markers were electrophoresed in the outer lanes to aid in determination of DNA fragment sizes. Following electrophoresis, the gels were stained with ethidium bromide, illuminated with short wave UV light, and photographed.
Amplified viral DNA sequences were specifically identified by Southern blot analysis. Material in the DNA gels was transferred to nylon membranes by positive pressure blotting f and subsequently cross-linked to the membrane following exposure (120,000 µjoules) to UV light. Nylon membranes were placed in a plastic bag and prepared for DNA hybridization by adding 15-20 ml of prehybridization solution, which consisted of 5 x SSC, 1% (w/v) blocking reagent, 0.1% sarkosyl, and 0.02% sodium dodecyl sulfate (SDS), and incubating at 68 C for 1 hr. Following prehybridization, 6 ml of hybridization solution (prewarmed at 68 C) containing the denatured digoxigenin-labelled probe (50 ng) was added to the membrane. The blots were incubated at 68 C overnight. The following morning, the membranes were removed from the plastic bag and washed 4 times (twice in 2 x SSC with 0.1% SDS and twice in 0.1 x SSC with 0.1% SDS at 68 C). Hybridized DNA was identified using a chemiluminescent detection system. g Hybridized probe appeared as black bands following film exposure to the membrane and subsequent development of the film.
Results
Routine histopathology. Histologic lesions were present within most tissue specimens. Typical changes included multifocal to confluent hepatic necrosis of variable severity in all birds examined (Fig. 1) . Necrotic foci were characterized by pyknosis and individualization of hepatocytes in the absence of inflammatory cell infiltrates (Fig. 2) ; however, a mild accumulation of heterophils was observed in some tissue sections. Amphophilic hepatocellular intranuclear inclusions were observed in tissue sections from 5 of 32 birds (Fig. 3) . Karyomegaly was observed in 10 birds, including 5 birds with typical APV inclusions and 5 birds without discernable inclusions (Table 1) . Nuclei from the 5 birds without inclusions contained a normal stippled to aggregated pattern; however, the hepatocytes were dissociated, suggesting the presence of disease. Bacterial hepatitis was confirmed in 5 birds and suspected in 2 birds; however, organisms could not be demonstrated histologically in the 2 suspect birds using special stains. Chlamydiosis was diagnosed in 3 birds and suspected in 1 additional bird with multifocal lymphoplasmacytic cholangiohepatitis (Table  1) . DNA in situ hybridization. A positive staining reaction for APV nucleic acid was manifested as a dark blue-black deposition of formazan dye at the sites of APV-specific DNA probe localization. Chromagen deposition was observed within hepatocyte nuclei of the more viable cells (Fig. 4) . In necrotic foci, chromagen deposition was observed within entire hepatocytes and extended into the periphery of necrotic foci. Positive staining for APV nucleic acid was observed in tissue sections from 18 of 32 birds (Table 1) . Hepatic tissues from birds 2, 9, 6, 7, 12, 22, 30, and 31 were negative for APV nucleic acid using the short oligonucleotide probe (FN-19) ; however, these specimens did stain following hybridization with the 1 kilobase-pair dou- ble-stranded DNA probe (probe VP1). Specimens from 2 of these birds (6 and 12) also had typical amphophilic nuclear inclusions in HE-stained tissue sections.
DNA amplification and Southern blot analysis. Following DNA amplification, a 1,011 -base-pair fragment was observed in ethidium bromide-stained gels for 17 of 32 birds (Fig. 5) . Following Southern blot analysis, 18 birds were diagnosed with APV infection (Fig. 5 , Table 1 ). One bird (15) was positive for APV infection by DNA in situ hybridization but negative by DNA amplification. For this bird, there was no discernible tissue in the paraffin block when sectioned for PCR analysis and no discernable pellet following the wax extraction and tissue digestion steps.
Discussion
The most common causes of hepatic necrosis in pet birds are viral infections (herpesvirus [Pacheco's disease], APV, and/or adenovirus), bacterial infections (including chlamydiosis), and ingestion of toxins (aflatoxin, lead, zinc) . 8, 11, 18 Most cases of multifocal to coalescing hepatocellular necrosis observed in the pet birds in our study were the result of APV infection or bacterial hepatitis associated with gram-negative bacilli or Chlamydia. Furthermore, this study indicated that peracute APV infection may result in the death of adult as well as juvenile birds, as has been described in the recent literature. 17, 19 Hepatic necrosis has been described previously in psittacine birds dying from APV infection. Liver tissues from those birds generally had typical karyomegalic amphophilic intranuclear inclusions, 1,3 except for a few species of larger parrots. 6 In our study, 14 of 19 APV-infected birds with multifocal to confluent hepatic necrosis lacked characteristic hepatic nuclear inclusions and inflammatory cell infiltrates on HE-stained sections. Definitive diagnosis of APV infection was dependent on the use of DNA virus-specific probes using DNA in situ hybridization or DNA amplification with Southern blotting. These observations suggest that APV infection should be included in the differential diagnosis for multifocal to coalescing hepatic necrosis in psittacine birds. In addition, sections of liver, spleen, and kidney should be collected at necropsy if APV infection is suspected. DNA probes may allow specific diagnosis of APV infection when inclusions are absent, when other or concurrent viral infections (herpesvirus or adenovirus) are present, or when fresh tissues are unavailable for virus isolation.
DNA in situ hybridization provides rapid detection of viral infection. The diagnostic capability of a DNA probe, however, is dependent upon its engineering. APV strains may differ somewhat in nucleotide sequence. 20 Furthermore, DNA probes designed for use in psittacine birds may show slight variation in sensitivity among species and may not work well in detecting polyomavirus infection in a different order, such as Passeriformes. 5 In the present study, the oligonucleotide probe (FN-19) detected 12 of 18 APV-infected birds; the full-length probe (probe VP-1) detected the remaining 6 APV-infected birds. Slight variation in APV DNA genomes have been demonstrated, 20 and these differences may account for different affinity for the short DNA probe. Because of shorter length and less digoxigenin label, probe FN-19 would have increased specificity but decreased sensitivity for APV, especially the budgerigar-derived APV strain for which it was designed. In contrast, the 1-kilobase-pair double-stranded probe (probe VP-1) would have greater sensitivity because of the increased concentration of digoxigenin label and network formation described for double-stranded probes but would be less specific for a given strain of APV because there is a greater chance that homologous DNA sequences are shared or conserved among strains of a given virus. Despite improved detection of viral infection in psittacine tissues using DNA in situ hybridization with the long doublestranded probe, this technique still cannot detect fewer than 10-30 virions per cell under optimal conditions. 7 Therefore, DNA amplification with confirmatory blotting theoretically is the diagnostic test of choice.
DNA amplification provides a method for in vitro enzymatic amplification of specific segments of DNA. 14 Because the fidelity of the DNA polymerase is good, the product DNA molecule has the same sequence of nucleotides as the target viral DNA. This technique is highly sensitive and specific, enabling detection of minute amounts of viral nucleic acid with great accuracy. Furthermore, this molecular testing method is economical and allows rapid turnaround time of diagnostic specimens. A critical step in this molecular test system is performing a Southern blot or dot blot, which specifically identifies the amplified DNA sequence as viral in origin.
Although karyomegaly historically has been associated with APV or adenovirus intranuclear inclusions and margination of chromatin, it also may be observed in healthy psittacine birds during early growth or in diseased individuals in the absence of viral infection. Nonviral disease-associated causes of karyomegaly commonly include mycotoxin ingestion or hepatocellular regeneration secondary to injury. 10 Nonvirus-induced karyomegaly is characterized by a stippled chromatin pattern without clearing or margination. Birds with liver disease unrelated to APV infection had multifocal necrosis associated with infiltrates of mononuclear cells and heterophils, especially with bacterial or Chlamydial hepatitis.
